The activation of nuclear factor kappa B (NFjB) transcription factor family is considered to have a key role in diffuse large B-cell lymphoma (DLBCL) pathogenesis and is associated with a specific molecular subtype, the activated B-cell-like (ABC) subtype. We evaluated the expression of NFjB by immunohistochemistry in a large series of DLBCL cases. The five different NFjB family members (NFjB1, NFjB2, RELA, RELB, and REL) showed a heterogeneous expression pattern with the vast majority of cases being positive for at least one factor. Two independent series of tumor samples were classified into germinal center B-cell-like (GCB) or ABC subtypes using different approaches, immunohistochemistry, or gene expression profiling, and the expression of NFjB family members was assessed. Notably, no significant differences regarding the expression of the different NFjB members were detected between the two subtypes, suggesting that NFjB signaling is a prominent feature not only in the ABC subtype, but also in the GCB tumors. Of the five transcription factors, only REL expression had a significant clinical impact on R-CHOP-treated diffuse large B-cell lymphoma, identifying a subgroup of patients with superior clinical outcome. Diffuse large B-cell lymphoma (DLBCL) is the most common type of lymphoma in adults and is clinically and molecularly a heterogeneous disease. 1,2 Based on gene expression profiling, two different molecular subtypes of DLBCL were recognized according to the putative cell of origin; the more aggressive activated B-cell-like (ABC) subtype and the germinal center B-cell-like (GCB) subtype. [3] [4] [5] These subtypes reflect distinct differentiation stages of normal B-cell development and differ in their clinical presentation, cure rates, and molecular features. 2 Due to practical reasons, algorithms to classify these subtypes using immunohistochemistry of a few markers instead of gene expression profiling have been developed and extensively used. 6,7 These subtypes differ in their oncogenic programs and several subtype-specific genetic alterations have been described. 2, 8, 9 A hallmark of the ABC subtype is constitutive nuclear factor kappa B (NFkB) activation, and a disruption of this activation induces apoptosis in ABC cell lines. 10 Several recurrent genetic aberrations affecting NFkB signaling have been described in the ABC tumors, including for instance mutations in caspase recruitment
Diffuse large B-cell lymphoma (DLBCL) is the most common type of lymphoma in adults and is clinically and molecularly a heterogeneous disease. 1, 2 Based on gene expression profiling, two different molecular subtypes of DLBCL were recognized according to the putative cell of origin; the more aggressive activated B-cell-like (ABC) subtype and the germinal center B-cell-like (GCB) subtype. [3] [4] [5] These subtypes reflect distinct differentiation stages of normal B-cell development and differ in their clinical presentation, cure rates, and molecular features. 2 Due to practical reasons, algorithms to classify these subtypes using immunohistochemistry of a few markers instead of gene expression profiling have been developed and extensively used. 6, 7 These subtypes differ in their oncogenic programs and several subtype-specific genetic alterations have been described. 2, 8, 9 A hallmark of the ABC subtype is constitutive nuclear factor kappa B (NFkB) activation, and a disruption of this activation induces apoptosis in ABC cell lines. 10 Several recurrent genetic aberrations affecting NFkB signaling have been described in the ABC tumors, including for instance mutations in caspase recruitment domain family member 11, tumor necrosis factor alpha-induced protein 3, CD79, or myeloid differentiation primary response 88. [11] [12] [13] [14] The NFkB family consists of five transcription factors: NFkB1 (p50 and its precursor p105), NFkB2 (p52 and its precursor p100), RELA (also called p65), RELB, and REL (also called c-Rel). An activation of the pathway leads to nuclear translocation of NFkB dimers, which are normally held inactive in the cytoplasm in unstimulated cells. Two different pathways using different signaling components are described; the classical pathway that results in nuclear accumulation of dimers containing NFkB1, RELA, and REL, and the alternative pathway, characterized by nuclear accumulation of NFkB2/RELB dimers (reviewed by Vallabhapurapu and Karin 15 ). Even though constitutive NFkB activation is one of the proposed oncogenic mechanisms underlying the molecular pathology of the ABC subtype, the actual expression of NFkB in DLBCL tumor specimens and the presence of both classical and alternative signaling components as well as their clinical correlation have not been well studied.
In this report, we evaluate the expression of the five NFkB transcription factors in human DLBCL tumor biopsies, and analyze their expression pattern, subtype specificity, and clinical impact.
Materials and methods

Patient Samples
The use of human tumor samples in this study was approved by the Clinical Research Ethics Committee of Hospital Universitario Marqués de Valdecilla, HUMV (Santander, Spain). Samples were collected by the tumor banks of the Spanish National Cancer Research Centre (CNIO, Madrid, Spain) and HUMV. Samples were obtained before treatment and were diagnosed according to the current criteria of the World Health Organization (WHO) classification. 16 Patient characteristics of a series of 88 DLBCL samples are summarized in Table 2 .
Immunohistochemistry, Scoring, and In Situ Hybridization
Formalin-fixed paraffin-embedded tumor tissues were included in duplicates into tissue microarrays and stained as previously described. 17 Primary antibodies and immunohistochemistry conditions are listed in Supplementary Table 1. Evaluation and scoring were done by two pathologists (S.M-M and R.S-P). If more than 30% of the tumoral cells presented nuclear staining of a NFkB member, the tumor was considered positive for that marker. This threshold was chosen because it has previously been used for NFkB expression in DLBCL 14, 18 and is also a threshold commonly used for standard immunohistochemistry markers in these tumors. 6, 7 Tumors positive for Epstein-Barr virus (EBV) determined by the expression of EBV-encoded RNA, EBER, by in situ hybridization (described by Montes-Moreno et al 17 ) were excluded from the study.
DLBCL Subclassification
All tumors were stratified into ABC or GCB subtypes by immunohistochemistry according to the algorithm of Choi, 6 based on the expression of CD10, interferon regulatory factor 4, B-cell lymphoma 6, serine peptidase inhibitor, clade A, member 9 (SERPINA9, also called GCET1), and forkhead box protein P1. Sixty samples included in this study had also previously been classified into ABC or germinal B-cell-like DLBCL using gene expression profiling, described by Hu et al. 19 
Statistical Analyses
All statistical analyses were performed using SPSS software version 15.0 (SPSS, Chicago, IL, USA). Independence of variables was determined using crosstabs applying a Pearson's w 2 -test. The KaplanMeier method applying the log-rank test was used to estimate the differences in overall survival between NFkB-positive and negative cases. A multivariate survival analysis was performed using a Cox proportional hazard regression model. Values of Po0.05 were considered statistically significant in all analyses.
Results
Expression Pattern of Different NFjB Members in Diffuse Large B-cell Lymphoma
As the family of NFkB consists of five different transcription factors, we decided to evaluate the expression of all of them in order to get a complete picture of the expression pattern in DLBCL. In a series of 113 consecutive human DLBCL biopsies taken at the time of diagnosis, the nuclear expression of NFkB1, NFkB2, RELB, RELA, and REL was assessed ( Figure 1a) . A tumor was considered positive if more than 30% of its tumoral cells presented nuclear expression (see Materials and Methods section). As a validation of our immunohistochemistry approach, stainings were compared with the DNA binding activity of the different subunits in six DLBCL cell lines, showing that nuclear staining of NFkB corresponded with increased DNA binding of the specific subunits (Supplementary Figure 1) . Furthermore, Compagno et al 14 showed that nuclear expression of NFkB1 or NFkB2 in DLBCL, evaluated by immunohistochemistry, was associated with enhanced transcription of NFkB target genes, suggesting that immunohistochemical analysis of nuclear NFkB could be a valid approach for assessing active NFkB signaling. The percentages of positive cases for each of the NFkB proteins are represented in Figure 1b . Interestingly, only 12.4% of cases lacked nuclear expression all NFkB subunits. Of the five proteins, REL was the most commonly expressed (64%), followed by RELB (43%), NFkB1 (43%), and NFkB2 (29.2%). Surprisingly, nuclear RELA was only detected in 12% of the samples. Supporting the low frequency of RELApositive tumors, other studies [20] [21] [22] using different antibodies have also reported reduced frequency of RELA expression in DLBCL. The relationship between the expressions of the different subunits is represented in the Venn diagram in Figure 1c . Notably, the expression pattern of the different factors is complex, and does not follow the classical outline of the NFkB pathway. There is a significant correlation between the expression of factors of the classical and alternative pathway, such as between NFkB1 and NFkB2 (w 2 -test, P ¼ 0.000052), NFkB2 and RELA (P ¼ 0.006), and between NFkB1 and RELB (P ¼ 0.006), suggesting an overlap between classical and alternative factors (Table 1) . It is also remarkable that 23 REL-positive cases do not express any other NFkB factor.
Correlation Between NFjB Expression and DLBCL Subclassification As the ABC phenotype has been characterized by prominent NFkB activation, we wanted to explore how the expression of the five transcription factors were distributed between the two subtypes. To subclassify the tumors into the molecular subtypes ABC or GCB, we used immunohistochemistry according to the algorithm of Choi 6 in a series of 113 DLBCL samples. In this series, 59% of the tumors were classified as ABC and 41% were classified as GCB. Evaluating the nuclear expression of NFkB2, NFkB1, RELB, REL, and RELA in these tumors, we surprisingly saw a fairly even distribution of positive staining between the subtypes. Only a very slight increase of positive cases could be observed in the ABC subgroup, but none of the five transcription factors was significantly differentially expressed between the subtypes (Figure 2a and Table 1 ). To validate this finding, we performed the study in a second series of 60 DLBCL samples, where subclassification had been done using gene expression profiling (described by Hu et al 19 ) . Still, the expression of NFkB (NFkB1 or NFkB2) showed no correlation with molecular subtype (Figure 2b) . Moreover, only 5 out of 60 cases were misclassified using immunohistochemistry for subclassification in this series (concordance of 91.7%), suggesting that this is a valid approach for molecular subtype stratification in our cohorts.
Clinical Impact of NFjB in R-CHOP-Treated DLBCL
Samples from a cohort of 88 DLBCL patients treated with R-CHOP immunochemotherapy (rituximab combined with cyclophosphamide, doxorubicin, vincristine, and prednisone) were used to estimate if NFkB expression had any impact on the clinical course of the malignancy (see Table 2 for patient characteristics). Of all the five NFkB subunits, only REL had a significant impact on the clinical outcome. Patients having REL-positive tumors had a significantly superior overall survival compared with patients with REL-negative tumors (Figure 3 , P ¼ 0.0041). The estimated 5-year overall survival rate was 73.7% in patients with REL-positive tumors compared with 59.7% in patients with REL-negative tumors. In order to take into account other prognostic factors in DLBCL, such as the international prognostic index (IPI) and the molecular subtype, we performed a multivariate analysis including these variables (Supplementary Table 2 ). This analysis showed that REL was a significant favorable prognostic factor, independent of both the IPI and GCB/ABC classification. The expression of NFkB2 was also associated with enhanced overall survival, although this difference was not statistically significant ( Figure 3) .
Discussion
There are a few reports assessing the protein expression of NFkB in DLBCL tumors, and to our knowledge, this is the first work reporting the expression of the entire family. Using immunohistochemistry to assess the nuclear expression of the NFjB in diffuse large B-cell lymphoma five different transcription factors, we observed an intricate expression pattern. Even though the expression of the different NFkB proteins was heterogeneous in DLBCL, the vast majority of tumors (88%) expressed nuclear NFkB. Correlated expression between different NFkB subunits, such as between NFkB1 and NFkB2, NFkB2 and RELB, NFkB2 and RELA, NFkB1 and RELB, and between NFkB1 and RELA, was observed, although simultaneous expression of other combinations also was present. This remark suggests that the expression pattern of NFkB in tumors does not follow the prototypic NFkB model, and that there is no precise line distinguishing the classical and alternative pathways. However, apart from the most representative and frequent dimerization complexes (NFkB2/ RELB, NFkB1/RELA, and NFkB1/REL), both homodimers and dimers including a variety of NFkB members as well as atypical partners have already been described. 23 Likewise, a correlation between the expression of classical and alternative NFkB markers has previously been described in T-cell lymphomas. 24 Interestingly, REL presented a distinct expression pattern and even though an association between NFkB1 and REL could be perceived (not statistically significant), around a third of the RELpositive tumors did not express any other NFkB member. Yet, nuclear dimers of CD40 and REL have been described to activate transcription of NFkB target genes in DLBCL. 25 To determine the different dimerization partners was though beyond the scope of this report. The complicated expression pattern of the different subunits is also an indicator of that looking specifically at only a single NFkB factor as an estimate of NFkB activation will probably lead to a significant underestimation of the actual NFkB signaling.
A hallmark of the ABC subtype is constitutive NFkB activation, and a disruption of this activation induces apoptosis in ABC DLBCL cell lines. 10, 26 Our analysis of NFkB expression in a series of 113 DLBCL samples revealed that the majority of the tumors express nuclear NFkB, independent of subclassification. Surprisingly, we found no significant correlation between molecular subtype and the expression of any of the five NFkB members, indicating that NFkB signaling is present not only in the ABC subtype, but also in the GCB subtype. To discard the possibility that this observation could be a result of using immunohistochemistry as a method for classification, we performed the analysis in two independent series of DLBCL tumors, classified both by immunohistochemistry and gene expression profiling. These two analyses showed that both classical and alternative NFkB members were expressed equally in ABC and GCB tumors. In agreement with our observation, previous works analyzing the expression of phosphorylated RELA and NFkB2 as markers for NFkB activation in DLBCL tumors, reported expression of these subunits in both subtypes with similar frequencies. 18, 21 On the contrary, other studies associated the expression of nuclear RELA, NFkB1, and NFkB2 with the ABC subgroup, although they were also present in a considerable fraction of the GCB tumors as well. 14, 20 An important difference between our study and several others was that EBV-positive cases were excluded from the analysis. Due to their distinct molecular and clinical profile, EBV-positive DLBCL has been suggested as a distinct category of DLBCL. 16 These tumors have been characterized by NFkB activation and they frequently present an ABC phenotype. 17 Including this category together with EBV-negative diffuse large B-cell lymphoma probably gives rise to bias with an increased number of NFkBpositive cases and a stronger association with the ABC phenotype. Our observation that NFkB signaling is present in both molecular subtypes of DLBCL, evokes several questions concerning whether NFkB is involved in the underlying pathogenesis of the germinal center B-cell-like tumors as well, and whether NFkB inhibition could be useful in a subset of these tumors. As the ABC and GCB subtypes partly present a distinct pattern of genetic abnormalities and respond differently to therapy, 2 the mechanisms leading to NFkB signaling and the subsequent transcriptional response might be different in the two subtypes.
There are only a few previous publications describing NFkB signaling and its clinical correlation, and the results are contradictory. In this work, we investigated the impact of all NFkB members on patient overall survival, using nuclear expression as an estimate of NFkB activation. In DLBCL, nuclear REL expression was seen to be a common feature and identified a subset of patients with enhanced overall survival. REL is the only NFkB transcription factor that is frequently amplified in human cancers and has also consistently been shown to have transforming potential in culture. 27 Amplification of the REL locus is commonly observed in DLBCL and mainly associated with the GCB phenotype. 5 In our study, nuclear REL expression is though detected in both the ABC and the GCB subtypes. However, no correlation between REL amplification and nuclear REL expression was observed in DLBCL in a study by Houldsworth et al. 28 NFkB has previously been associated with enhanced patient survival in another DLBCL study, where phosphorylated RELA was assessed. 21 On the other hand, RELA expression was described as an adverse prognostic marker in DLBCL in another report. 20 Moreover, nuclear REL assessed by immunohistochemistry, was associated with worse clinical outcome in GCB DLBCL in a previous publication. 29 Those studies though were performed in biopsies from patients treated with chemotherapy without rituximab. As the addition of rituximab has markedly improved the overall survival rates in DLBCL, and the outcome of survival analyses depends on the clinical management, this can be a possible explanation for the observed differences. Our study is performed using a cohort of patients that has uniformly been treated with R-CHOP, which is the standard treatment for DLBCL patients nowadays.
The fact that only REL expression has prognostic impact on DLBCL suggests that different NFkB subunits have different roles and activate different transcriptional programs. However, the roles of specific subunits or NFkB dimers regulating transcriptional selectivity, are far from understood and await further research. 
